Abe C, Ueta Y, Morita H. Exposure to hypergravity during the preweaning but not postweaning period reduces vestibular-related stress responses in rats. J Appl Physiol 115: 1082-1087, 2013. First published August 1, 2013; doi:10.1152/japplphysiol.00285.2013.-Gravitational forces, including hypergravity or microgravity, induce plasticity of vestibular-related functions. These functions are not easily reversed if exposure to the gravitational forces occurs during vestibular development. In the present study, we hypothesized that vestibular-related stress responses might be suppressed in rats exposed to hypergravity during the vestibular development period. We exposed the rats to 2 g (hypergravity) during the preweaning (BW-HG; embryonic day 14 to postnatal week 3) or postweaning (AW-HG; postnatal weeks 4 -6) periods. After recovery for 4 wk at 1 g, we conducted rotarod tests and then exposed the rats to 2 g for 90 min. In BW-HG rats, vestibular-related motor coordination on the rotarod test was partially, but not fully, restored to the level of AW-HG rats or rats raised at 1 g (1-G group). Loading-induced plasma adrenocorticotropic hormone and corticosterone levels were significantly suppressed in BW-HG and in rats with a vestibular lesion compared with AW-HG and 1-G rats. Arginine vasopressin and Fos expression levels in the paraventricular hypothalamic nucleus were also significantly lower in BW-HG and vestibular lesion rats than in AW-HG and 1-G rats. By contrast, there was no difference in the electrical foot shock-induced increase in plasma corticosterone among the experimental groups, suggesting that the nonvestibular-related stress response was not suppressed by exposure to 2 g during preweaning. These results indicated that exposure to hypergravity during preweaning specifically suppressed the vestibular-related stress response, and this suppression did not recover after 4 wk at 1 g. vestibular system; adrenocorticotrophic hormone; corticosterone; vasopressin; green fluorescent protein; Fos GRAVITATIONAL CHANGES, SUCH as hypergravity or microgravity, induce transient plasticity of the vestibular system, including changes to the vestibuloocular (5), vestibulo-spinal (3), and vestibulo-cardiovascular reflexes (1). Epigenetic and functional alterations occur in the utricular hair cells (4) and the vestibular neurons (13). These changes are thought to involve vestibular adaptations to the new gravitational environment. The altered vestibular function gradually readapts after being returned to the original gravitational environment. However, Walton et al. (14, 15) reported that vestibular-related motor functions, including surface righting and swimming behaviors, were permanently altered in rats exposed to microgravity for 16 days (postnatal days 14 -30), but the change was transient in rats exposed to microgravity for 9 days (postnatal days [15] [16] [17] [18][19][20][21][22][23][24]. Similarly, our research group previously reported that the vestibular-related motor coordination impairments did not recover in rats born and reared at 2 g for 8 wk, even after being returned to 1 g for 1 wk. However, vestibular-related motor coordination recovered within 1 wk in rats exposed to hypergravity from 8 to 10 wk of age (1). These results suggest that the vestibular system has a critical developmental period.
GRAVITATIONAL CHANGES, SUCH as hypergravity or microgravity, induce transient plasticity of the vestibular system, including changes to the vestibuloocular (5), vestibulo-spinal (3), and vestibulo-cardiovascular reflexes (1) . Epigenetic and functional alterations occur in the utricular hair cells (4) and the vestibular neurons (13) . These changes are thought to involve vestibular adaptations to the new gravitational environment. The altered vestibular function gradually readapts after being returned to the original gravitational environment. However, Walton et al. (14, 15) reported that vestibular-related motor functions, including surface righting and swimming behaviors, were permanently altered in rats exposed to microgravity for 16 days (postnatal days 14 -30) , but the change was transient in rats exposed to microgravity for 9 days (postnatal days [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] . Similarly, our research group previously reported that the vestibular-related motor coordination impairments did not recover in rats born and reared at 2 g for 8 wk, even after being returned to 1 g for 1 wk. However, vestibular-related motor coordination recovered within 1 wk in rats exposed to hypergravity from 8 to 10 wk of age (1) . These results suggest that the vestibular system has a critical developmental period.
Hypergravity is a well-known stressor. Transient exposure to hypergravity was reported to increase Fos expression in the paraventricular hypothalamic nucleus (PVN) (9) and plasma corticosterone levels (10) in rats. As Fos expression was completely abolished by vestibular lesions (VL), the vestibular system is essential for this response (9) . Thus it is possible that hypergravity will not act as a stressor to rats reared in a hypergravity environment during the critical developmental period of the vestibular system. Accordingly, we hypothesized that hypergravity-induced stress responses might be permanently suppressed in rats reared in a hypergravity environment during the vestibular development period, but not in rats reared in a hypergravity environment after this period. To test this hypothesis, rats were reared at 2 g before or after weaning, followed by 1 g for 4 wk. We then assessed the effects of exposure to 2 g for 90 min on Fos or corticotropin releasing hormone (CRH) expression in the PVN, and plasma adrenocorticotropic hormone (ACTH) and corticosterone levels. Because arginine vasopressin (AVP) acts synergistically with CRH to induce the release of ACTH (2), we also measured AVP expression in transgenic rats expressing an AVP-enhanced green fluorescent protein (eGFP) fusion protein.
MATERIALS AND METHODS
Animals used in the present study were maintained in accordance with the Guiding Principles for the Care and Use of Animals in the Field of Physiological Science of the Physiological Society of Japan. All experiments were approved by the Animal Research Committee of Gifu University. Experiments were performed using 54 male transgenic rats expressing the AVP-eGFP fusion protein (12) .
The experimental groups established in this study are summarized in Fig. 1 . In brief, six pregnant rats, corresponding to embryonic day 14, were transferred to a 2-g environment, which was maintained by centrifugation using a custom-made gondola-type rotating box (Shimadzu, Kyoto, Japan) (1). Centrifugation was stopped for 15 min every day to clean the cages and refresh food and drinking water. Male pups were maintained in the 2-g environment until weaning at 3 wk of age [before weaning-hypergravity (BW-HG) group]. After weaning, 12 rats expressing the AVP-eGFP fusion protein, as confirmed by genotyping, were then maintained at 1 g for 4 wk. Transgenic rats born in a 1-g environment were treated as follows: 12 rats were maintained at 1 g for the entire duration of the study (1-G group); a VL was induced in 12 rats at 7 wk of age (VL group); and 12 rats were exposed to 2 g for 2 wk from 4 wk of age (after weaning), and then returned to 1 g for 4 wk (AW-HG group). Furthermore, 6 rats were exposed to 2 g for 4 wk from 4 wk of age (after weaning), and then returned to 1 g for 4 wk (AW-HG-4W group). These rats were only used for rotarod experiment, and it was performed at 12 wk of age.
The VL was induced by bilateral injection of sodium arsanilate solution (100 mg/ml) through the external acoustic meatus into the middle ear cavities (50 l/ear). Rats in the other groups were injected with saline alone (50 l/ear). All rats were fed ad libitum throughout the study. The cages were maintained on a 12:12-h light-dark cycle, and the room temperature was maintained at 24 Ϯ 1°C. At 8 -10 wk of age, we conducted the following experiments.
Vestibular-related motor coordination was evaluated using a custom-made rotarod (Dyadic Systems, Kanazawa, Japan). Six rats in each group were placed on the rod (10 cm wide, 7 cm diameter, and placed 60 cm above the table) with their heads facing against the direction of rotation. The rod was rotated at a constant speed (10 rpm), and the rats needed to move forward to remain on the rod. The duration for which the rats remained on the rod was measured. Rotarod test was performed three times, and the time recorded in the third test was used in the analyses.
After the rotarod test, all rats were anesthetized with isoflurane (Escain, Mylan, Japan), and a polyethylene catheter (PE-50; Becton Dickinson, Sparks, MD) was inserted into the abdominal aorta via the left femoral artery for blood sampling. The catheter was exteriorized from the back of the neck and fixed by a suture.
One day after the surgery, 0.5 ml of blood was collected using the arterial catheter to measure plasma corticosterone and ACTH concentrations in all rats. Then six rats in each group were exposed to the 2-g environment for 90 min. Afterwards, a 0.5-ml blood sample was collected, and the rats were anesthetized with pentobarbital sodium (50 mg/kg) by intraperitoneal injection. The rats were transcardially perfused with 200 ml of heparinized saline (containing 1,000 units heparin), followed by 200 ml of 4% paraformaldehyde in phosphate buffer. The brain was then removed and stored in 4% paraformaldehyde at 4°C. All specimens were stored overnight in 20% sucrose in phosphate-buffered saline at 4°C and were then frozen in liquid nitrogen. Fig. 1 . Experimental conditions. 1-G, rats were reared at 1 g; VL, a vestibular lesion was induced at 7 wk of age by bilateral injection of sodium arsanilate solution through the external acoustic meatus into the middle ear cavities; BW-HG, rats were exposed to 2 g during the fetal and lactation periods (i.e., preweaning); AW-HG, rats were exposed to 2 g for 2 wk from 4 wk of age (i.e., postweaning). AW-HG-4W, rats were exposed to 2 g for 4 wk from 4 wk of age. Tests were performed at 8, 10, or 12 wk of age.
To examine the effect of preweaning or postweaning 2-g exposure on stress response via the nonvestibular system, electrical foot shock was applied to the remaining six rats in each group. The current size, duration, and frequency were set as 3 mA, 1 ms, and 0.25 Hz, respectively. After 30 min of electrical foot shock, a 0.5-ml blood sample was collected to measure plasma corticosterone concentration.
Serial sections (40 m thick) were cut with a cryostat (LEICA CM1850; Leica Instruments, Wetzlar, Germany). Sections were treated with normal goat serum (1:100) and 0.05% Triton X-100 for 20 min, followed by incubation with the primary antibody for Fos (c-fos Ab-5; Merck, Darmstadt, Germany) or CRH (T-5007; Peninsula Laboratories, San Carlos, CA) at a dilution of 1:5,000 in phosphate-buffered saline at 4°C overnight. The sections were then incubated with biotinylated goat anti-rabbit IgG for Fos (BA-1000; Vector Laboratories, Burlingame, CA) or biotinylated goat anti-guinea pig IgG for CRH (BA-7000; Vector Laboratories) at a dilution of 1:200 at room temperature for 2 h, followed by incubated with Alexa Fluor 488-conjugated goat anti-rabbit IgG at 1:500 (Molecular Probes, Eugene, OR) at room temperature for 2 h. Hypergravity-induced GFP and Fos expression in the PVN was then evaluated under a fluorescence microscope (BZ-9000; Keyence, Osaka, Japan). The area of AVP-eGFP and the abundance of Fos were measured using ImageJ software (http://rsbweb.nih.gov/ij/). Plasma ACTH (Phoenix Pharmaceutical, Burlingame, CA) and plasma corticosterone (Enzo Life Sciences, Farmingdale, NY) concentrations were measured using enzyme-linked immunosorbent assays.
All data are presented as means Ϯ SE. One-way ANOVA was applied to the data shown in Figs. 2 and 5 . Two-way repeatedmeasures ANOVA was applied to the data shown in Fig. 3 . If the F-ratio indicated statistical significance, the Tukey-Kramer post hoc test was used to identify between-group comparisons. For post hoc tests, the significance level was set at P Ͻ 0.05.
RESULTS
The VL rats could not maintain their position on the rod even before the start of rotation. There was no difference in the duration between the 1-G and AW-HG rats (Fig. 2) . However, the duration of the rotarod test was significantly shorter in BW-HG rats than in the 1-G and AW-HG rats [F(3,20) ϭ 18.852, P Ͻ 0.001]. Furthermore, the duration of the rotarod test in AW-HG-4W rats (254 Ϯ 20 s; n ϭ 6) was not significantly different from AW-HG rats.
Plasma ACTH (Fig. 3A) and corticosterone ( Fig. 3B) concentrations were significantly increased by exposure to 2 g for 90 min in the 1-G and AW-HG rats [ACTH: F(1,40) ϭ 28.183, P Ͻ 0.001, corticosterone: F(1,40) ϭ 133.838, P Ͻ 0.001]. By contrast, the ACTH and corticosterone responses were completely abolished in the VL and BW-HG rats; the responses in BW-HG rats were comparable with those in VL rats. However, there were no differences in plasma corticosterone responses to electrical foot shock among groups.
The area of AVP-eGFP and the abundance of Fos were somewhat lower in BW-HG rats and were almost abolished in VL rats (Fig. 4) . Quantification of the area of AVP-eGFP and the abundance of Fos are shown in Fig. 5 . There were no differences in either value between 1-G and AW-HG rats. However, the values were significantly lower in BW-HG rats than in 1-G and AW-HG rats 
DISCUSSION
The four main findings of this study are as follows. 1) The rotarod skill, which represents vestibular-mediated motor coordination, was significantly impaired in BW-HG rats compared with 1-G and AW-HG rats. 2) Hypergravity-induced increases in plasma ACTH and corticosterone concentrations were significantly suppressed in BW-HG rats, but not in AW-HG rats.
3) There was no difference in the electrical foot shock-induced increase in plasma corticosterone among groups. 4) Hypergravityinduced AVP expression in the PVN was significantly suppressed in BW-HG rats, but not in AW-HG rats.
In the present study, we examined whether exposure to 2 g during the preweaning or postweaning periods might affect the stress responses to short-term exposure to 2 g, by measuring the changes in plasma ACTH and corticosterone concentrations. These responses were mediated by the vestibular system because they were completely abolished by VL. Although the plasma ACTH and corticosterone responses to short-term 2-g exposure were significantly suppressed in BW-HG rats compared with those in 1-G and AW-HG rats, there were no differences in either factor between the 1-G and AW-HG rats. Notably, the responses of BW-HG rats were similar to those of VL rats. In the rotarod experiment, vestibular-related motor coordination was significantly impaired in BW-HG rats, but no differences were found in the vestibular-independent stress response (i.e., electrical foot shock-induced increase in plasma corticosterone) among any of the groups. Accordingly, it seems that exposure to 2 g during the preweaning period might induce plasticity of the vestibular system that persists until at least 10 wk of age. In our laboratory's previous study, the rotarod skill was impaired in rats born and reared at 2 g until 8 wk of age (mean duration, 2 Ϯ 1 s), and this impairment did not recover after being transferred to 1 g for 1 wk (1). In the present study, exposure to 2 g from embryonic day 14 to postnatal day 28 attenuated vestibular-related motor coordination, and this skill did not fully recover after exposure to 1 g for 4 wk. However, the duration on the rotarod test was longer in the present study than in our laboratory's previous study (1) . These results indicate that the impairment in vestibular-related motor coordination in BW-HG rats does recover slightly, and that a longer exposure to 1 g is necessary to observe an improvement in coordination, although it is not clear whether this coordination can be restored to the level observed in AW-HG rats. In this context, Walton et al. (15) reported that axial righting, a surface-righting tactic, did not fully recover by 124 days after a 16-day spaceflight from postnatal days 14 to 30.
In the present study, BW-HG and AW-HG rats were exposed to the 1-g environment for 4 wk after exposure to the 2-g environment. However, the duration of exposure to the 2-g environment differed, being 2 wk in AW-HG rats vs. 1 wk in the embryonic period, plus 4 wk in the postnatal period in BW-HG rats. These different durations of exposure might contribute to the significant differences in results between the two groups. To test this possibility, we performed a rotarod experiment with AW-HG-4W. The duration of the rotarod test (254 Ϯ 20 s; n ϭ 6) was not different between these rats and the AW-HG rats. Furthermore, preliminary experiment from our laboratory demonstrated that there was no difference in the rotarod duration in 1-G rats between the 8th and 10th wk (249 Ϯ 48 vs. 229 Ϯ 36 s), suggesting that the aging does not improve the rotarod skill. From these results, it seems that the loading period, but not the loading duration, is responsible for the changes in vestibular-mediated motor coordination and stress responses.
Exposure to an acute stressful stimulus activates CRH neurons and leads to increases in plasma ACTH and corticosterone concentrations (6) . In the present study, ACTH and corticosterone concentrations increased significantly in 1-G and AW-HG rats in response to short-term exposure to 2 g. By contrast, no increases were observed in VL and BW-HG rats, and there were no differences between these two groups. However, Fos expression increased significantly in BW-HG rats compared with VL rats. Although we did not differentiate between the parvocellular and magnocellular regions of the PVN in the present study, there appeared to be a significant increase in Fos expression in the parvocellular region (Fig. 4) . On the other hand, there was no difference in CRH expression between VL and BW-HG rats. The parvocellular region of the PVN includes three types of neurons that release somatostatin, thyrotropin-releasing hormone, and CRH (11). Accordingly, it is possible that the increase in Fos expression in BW-HG rats might involve somatostatin or thyrotropin-releasing hormone neurons.
In the present study, 2-g exposure-induced AVP expression was almost completely suppressed in VL rats, suggesting that the increase in AVP expression was mediated by the vestibular system. As AVP regulates ACTH release (2), the significant increase in AVP in BW-HG rats might contribute to an increase in plasma ACTH concentrations. However, ACTH concentrations did not increase significantly in BW-HG or VL rats.
Thus it is possible that the facilitative effects of AVP on ACTH release are inactive in BW-HG rats. AVP also enhances CRHinduced ACTH release, although this hardly affects ACTH synthesis (16) , suggesting that CRH-induced synthesis of ACTH or CRH-induced ACTH release might be suppressed in BW-HG rats. In support of this, CRH expression was significantly suppressed in BW-HG rats.
Exposure to 2 g for 90 min induced significant increases in AVP and Fos expression in 1-G, BW-HG, and AW-HG rats. However, there was little coexpression of AVP and Fos (Fig.  4) , possibly because of the differences in the optimal durations of stress needed to induce the expression of AVP and Fos. Fos binds to the promoters of AVP genes and modulates their transcription (8, 17) . Thus, if Fos degenerates in the initial exposure to 2 g, coexpression of AVP and Fos might be decreased. Indeed, AVP expression occurred after Fos expression in an earlier study, although this was dependent on the type of stressor (7).
In conclusion, exposure to 2 g during preweaning specifically suppressed vestibular-related stress responses. Vestibular-mediated motor coordination, as measured by the rotarod test, did not fully recover by exposing BW-HG rats to 1 g for 4 wk after the exposure to 2 g. Therefore, our results indicate that the preweaning period might be the critical developmental period for the vestibular system to adapt to environmental gravity. Exposure to different gravities during this period could have marked effects on vestibular function, which might be permanent or take a longer time to recover. 
